The mechanisms governing neuron death following NGF deprivation are incompletely understood. Here, we show that Trib3, a protein induced by NGF withdrawal, has a key role in such death via a loop involving the survival kinase Akt and FoxO transcription factors. Trib3 overexpression is sufficient to induce neuron death, and silencing of endogenous Trib3 strongly protects from death when NGF is withdrawn. Mechanism studies reveal that Trib3 interferes with phosphorylation/activity of Akt and contributes to Akt inactivation after NGF deprivation. FoxO1a, a direct Akt substrate, is dephosphorylated upon NGF withdrawal and consequently undergoes nuclear translocation and activates pro-apoptotic genes. We find that Trib3 is required for FoxO1a dephosphorylation and nuclear translocation after NGF deprivation. Conversely, Trib3 induction requires FoxO transcription factors, which show enhanced occupancy of the Trib3 promoter region following NGF withdrawal. Collectively, these findings support a mechanism in which NGF deprivation, Akt dephosphorylation/inactivation, FoxO dephosphorylation/ activation and Trib3 induction are linked in a self-amplifying feed-forward loop that culminates in neuron death.
During vertebrate development about half of neurons die due to competition for limiting supplies of target-derived trophic factors such as nerve growth factor (NGF), but the molecular mechanisms governing such death are incompletely known. Insight about these mechanisms is important in understanding how the nervous system forms and because these processes may pertain to pathological neuron degeneration. NGFdependent sympathetic neurons are among the best characterized systems for unraveling neuron survival and death regulation by trophic factors. NGF binding to tropomyosin receptor kinase (Trk) receptors activates the phosphoinositide-3 kinase (PI3K)/Akt signaling pathway that is indispensable for maintaining the balance between neuron life and death. 1, 2 When Akt is activated by NGF-stimulated phosphorylation at serine 473 (Ser473) and threonine 308 (Thr308), it phosphorylates multiple targets to promote survival. [3] [4] [5] Conversely, Akt phosphorylation and activity fall without NGF, resulting in apoptotic neuron death.
Members of the forkhead box, class O (FoxO) transcription factor family are Akt targets that regulate survival and death. 4, 5 Active Akt phosphorylates FoxOs, causing their cytoplasmic retention while loss of Akt activity results in dephosphorylation of FoxO proteins and their consequent nuclear translocation where they activate pro-apoptotic genes, such as Bim. 6, 7 In addition to FoxOs, several other transcription factors and their associated pathways contribute to neuron death caused by NGF deprivation. These include the Jun N-terminal kinase (JNK)/c-Jun pathway, the apoptotic cell-cycle pathway, NF-Y and p53/p63/p73. [8] [9] [10] [11] [12] In the case of Bim, at least four factors (c-Jun, FoxO, cell-cycle-associated B-and C-Myb and NF-Y) bind the Bim promoter after NGF deprivation and knockdown of any one suppresses Bim induction and death. 6, 7, 10 Just as neuron death requires activation of multiple transcription factors, it also involves induction of multiple transcriptional targets. Besides Bim, the pro-apoptotic BH-3 domain proteins Hrk/DP5 , PUMA (p53-upregulated modulator of apoptosis) and the prolyl hydroxylase EglN3/SM20 are induced by NGF deprivation and contribute to death. [13] [14] [15] Although loss or knockdown of each of these delays neuron death after NGF deprivation, none appears absolutely indispensable. This suggests that additional transcriptional targets are required for death. Trib3 (neuronal death-inducible putative kinase/Sink1/Skip3) is one such transcriptional target that is upregulated in NGF-deprived PC12 cells and sympathetic neurons. 16, 17 However, it is unknown whether Trib3 has a role in death caused by NGF deprivation. Trib3 is a mammalian ortholog of the Drosophila tribbles gene. 18, 19 In addition to NGF deprivation, Trib3 mRNA is upregulated by stresses, including hypoxia, ER stress and 6-hydroxydopamine treatment. [20] [21] [22] [23] The range of functions attributed to Trib3 include regulating glucose homeostasis, promoting tumor cell migration, suppressing adipocyte differentiation, inhibiting ER stress and either promoting or inhibiting cell death. [24] [25] [26] Trib3 is a pseudokinase with an inactive catalytic domain. and inhibits its phosphorylation at both Ser473 and Thr308. 31, 32 Here, we examine the role of Trib3 in apoptosis induced by NGF deprivation. We find that Trib3 is required for neuron death in this paradigm and that it functions to inhibit Akt activity and consequently to promote FoxO dephosphorylation and nuclear translocation. We further report that Trib3 induction upon NGF deprivation requires FoxO proteins. These observaitons suggest that NGF deprivation triggers a feed-forward, self-amplifying loop involving Akt, FoxOs and Trib3 that culminates in neuron death. Trib3 thus appears to promote efficient neuron death by amplifying the loss of Akt signaling and the increase in FoxO nuclear translocation that occurs after NGF deprivation.
Results

NGF deprivation induces Trib3 mRNA and protein.
Trib3 is upregulated in NGF-deprived superior cervical ganglion (SCG) neurons and PC12 cells. 16, 17 We confirmed this and found Trib3 mRNA upregulation by approximately 3-5-fold before the first evident signs of cell death caused by NGF deprivation (Figures 1a and b) . In SCG neuron cultures, Trib3 mRNA was maximally induced by 4 h after NGF removal.
Furthermore, 16 h of NGF deprivation yielded an approximate doubling of Trib3 protein levels in PC12 cell cultures (Figures 1c and d) . Immunostaining of SCG and PC12 cell cultures also indicated increased Trib3 protein expression after NGF withdrawal. Expression was mainly cytoplasmic with some apparent nuclear staining (Figures 1e and f) .
Trib3 overexpression is sufficient for neuron death in the presence of NGF. Although Trib3 is pro-apoptotic in several systems, 20, 33 it was unclear whether it induces death of NGF-responsive neurons. Lentivirally induced Trib3 overexpression in PC12 cells and SCG neurons (Figure 2c ) caused a steady decline in viability even in the presence of NGF (Figures 2a and b) . This was not a non-specific effect, because comparable Trib3 overexpression in cultured cortical neurons did not affect viability (data not shown).
Trib3 mediates neuron death caused by NGF deprivation. Although ours and previous work show Trib3 elevation after NGF removal, it was unknown whether Trib3 contributes to death in this situation. We therefore generated independent shRNA constructs targeting rat Trib3 and expressed them by either transfection or lentiviruses. The lentiviral constructs also expressed eGFP, and this indicated were deprived of NGF for the indicated times. Total mRNA was isolated and subjected to reverse transcription followed by quantitative PCR using Trib3 primers. Rat GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and a-tubulin mRNA levels were used to normalize input cDNA. The data are reported as relative increase in mRNA levels normalized to NGF control and represent mean±S. Initial neuronal PC12 cell experiments indicated that Trib3 knockdown partially protects from NGF deprivation, with 1.9-fold more cells surviving after 24 h (Figure 4a ). Extension to sympathetic neurons revealed that Trib3 knockdown protects both cell bodies and neurites for at least 1 week following NGF withdrawal (Figures 4 b-d) . Quantification confirmed the longterm protective effect of Trib3 knockdown (Figure 4e ; similar results were achieved with shTrib3#1 and shTrib3#2, and data were therefore pooled). An average of about 65% of Trib3-depleted neurons survived 6 days after NGF deprivation versus about 25% of NGF-deprived control neurons (Figure 4e ).
Bim is induced by NGF deprivation and its deletion or silencing partially protects from NGF deprivation. 34, 35 We therefore compared effects of Bim and Trib3 knockdown, either separately or together. We used a previously described siRNA (expressed from a lentivirally expressed shRNA; shBim#1) that effectively silences endogenous rat Bim, 12 as well as a second independent lentivirally delivered shRNA that reduces endogenous rat Bim expression by 75-80% (shBim#2; data not shown). Silencing both Bim and Trib3 led to a modest increase in protection (Figures 4a, f and g ). These data indicate that Trib3 partially mediates death evoked by NGF deprivation and that Trib3 and Bim may participate along the same apoptotic pathway.
Trib3 regulates neuronal Akt phosphorylation. Trib3 binds Akt and blocks its phosphorylation, and therefore activity, in various non-neuronal cells. 31, 32, 36 In PC12 cells, Trib3 knockdown partially reduced tunicamycininduced dephosphorylation of Akt at Ser473. 37 Active/ phosphorylated Akt is an important regulator of neuron survival; NGF promotes Akt phosphorylation and NGF deprivation causes Akt dephosphorylation, which in turn contributes to death. 1, 2 We therefore explored whether neuronal Akt phosphorylation is affected by Trib3. PC12 cells and sympathetic neurons were infected with Trib3-expressing lentivirus in the presence of NGF and monitored 5 days later for Akt phosphorylation at Ser473 and Thr308, sites required for full Akt activity. 3 In each case, Akt phosphorylation decreased by about 40-60%, with no significant change in total Akt expression (Figures 5a-d ). This loss of Akt phosphorylation/activity correlates with the observation that Trib3 overexpression causes death in both culture systems ( Figure 2 ). We next asked whether Trib3 contributes to the loss of Akt phosphorylation occurring with NGF withdrawal. Sympathetic neurons were infected with lentivirus expressing control or shTrib3, deprived of NGF and assessed 16 h later for Akt phosphorylation at Ser473 and Thr308. The decrease in Akt phosphorylation at both sites that occurs with NGF withdrawal was significantly reversed by Trib3 knockdown (Figures 5e and f) . There was no significant effect of Trib3 knockdown on total Akt (Figures 5e and f Trib3 mediates death of NGF-deprived neurons N Zareen et al Trib3 regulates phosphorylation of Akt substrate FoxO1a. Forkhead family transcription factors are welldescribed Akt substrates. Akt phosphorylates FoxO1a at Ser256 and Thr24, promoting its interaction with 14-3-3 proteins and cytoplasmic sequestration. 4, 5 Akt dephosphorylation/deactivation causes decreased phosphorylation of FoxO1a, its dissociation from 14-3-3 and translocation to nuclei. Nuclear FoxO1a transactivates pro-apoptotic genes such as Bim and by this means contributes to neuron death. 7 Because Trib3 interferes with Akt activity, we assessed whether Trib3 also prevents FoxO1a phosphorylation at Ser256. We first examined FoxO1a phosphorylation in NGFtreated PC12 cells and sympathetic neurons infected with lentivirus expressing Trib3. This yielded an approximate 50% loss of FoxO1a phosphorylation in both systems with no significant change in total FoxO1a (Figures 6a-d) .
The effects of Trib3 on Akt and FoxO1a phosphorylation suggest that Trib3 may influence phospho-FoxO1a levels during NGF deprivation. To assess this, sympathetic neurons were infected with lentivirus expressing control or Trib3 shRNA and examined for phospho-FoxO1a 16 h later. Phospho-FoxO1a levels fell by about 75% with NGF deprivation and control shRNA, and this was significantly restored by Trib3 knockdown (Figures 6e and f) . There was a trend of elevated total FoxO1a, but this was not significant (P40.05; Figure 6f ), nor was there a significant effect of Trib3 knockdown on phospho-FoxO1a in the presence of NGF (data not shown). Together, these findings indicate that Trib3 significantly contributes to the fall in Akt phosphorylation triggered by NGF withdrawal and to the consequent dephosphorylation of FoxO1a.
Trib3 promotes and is required for FoxO1a's nuclear translocation after NGF withdrawal. In view of Trib3's effect on FoxO1a phosphorylation, we next determined whether Trib3 affects its nuclear translocation. First, we infected PC12 cells with Trib3 lentivirus in the presence of NGF. This caused a nearly 5-fold increase in proportion of cells with detectable nuclear FoxO1a (Figures 7a and c) , indicating that Trib3 expression is sufficient to drive FoxO1a translocation. We next queried whether Trib3 knockdown affects nuclear translocation of FoxO1a that occurs with NGF deprivation. Sixteen hours after NGF deprivation, there was a 4-fold increase in proportion of cells with nuclear FoxO1a, so To determine whether FoxOs regulate Trib3 upon NGF deprivation, NGF-treated PC12 cells and sympathetic neurons were infected for 3 days with lentivirus expressing control or a previously described shRNA targeting FoxO family members, including FoxO1a. 42 The cells were then assessed for relative Trib3 mRNA levels after an additional 16 h with or without NGF. In both systems, FoxO silencing blocked induction of Trib3 mRNA caused by NGF removal (Figures 8a and b ).
To assess whether FoxO transcription factors bind the regulatory region of the trib3 gene and whether such binding is affected by NGF deprivation, we performed chromatin immunoprecipitation (ChIP) experiments using FoxO1a antibodies. Neuronal PC12 cells were maintained with or without NGF for 16 h followed by ChIP using anti-FoxO1a or control IgG. Quantitative PCR on the immunoprecipitated chromatin was performed using primers designed to amplify the two putative alternative promoter regions of Trib3 that correspond to the above predicted FoxO binding sites, and relative occupancy of FoxO on each Trib3 promoter was determined. Because Bim is regulated by FoxOs and its promoter region undergoes enhanced FoxO3a occupancy upon NGF deprivation, 7 Bim promoter occupancy by FoxO1a served as a positive control. The ChIP assays revealed a 2-to 3-fold elevation in FoxO1a occupancy of the Bim and Trib3 promoter regions after NGF withdrawal (Figure 8c ).
Taken together, our findings reveal that Trib3 is essential for FoxO1a nuclear translocation after NGF deprivation and that FoxO1a in turn binds the Trib3 promoter region and is required for transcriptional induction of Trib3. This suggests that Trib3 and FoxO1a are linked in a feed-forward loop triggered by NGF withdrawal.
Akt inhibition triggers Trib3 induction and death. Loss of Akt signaling promotes neuron death, in part, by leading to dephosphorylation of FoxOs and their consequent nuclear translocation and transactivation of pro-apoptotic genes. 7 Our findings indicate that Trib3 is a FoxO target, thus predicting that loss of Akt signaling should be sufficient to induce Trib3. We therefore exposed NGF-treated PC12 cells to two drugs (Triciribine and 3-formylchromone thiosemicarbazone, Cu(II)Cl 2 complex) that inhibit Akt phosphorylation by different mechanisms. 43, 44 Concentrations that blocked Akt phosphorylation (Figure 8d ) caused death at levels similar to those with NGF deprivation (Figure 8e ) and significantly induced Trib3 transcripts ( Figure 8f ). As a positive control, we also detected induction of Bim transcripts. These observations thus indicate that Akt signaling inhibition is sufficient to induce Trib3, even in the presence of NGF. Our findings are consistent with the idea that Trib3 expression is controlled by a pathway that includes negative regulation by Akt and positive regulation by nuclear FoxOs.
The cell cycle and JNK pathways regulate Trib3 induction after NGF deprivation. NGF deprivation activates multiple transcriptional pathways that induce pro-apoptotic genes. The most intensively studied is Bim for which induction involves at least four different transcription factors. [6] [7] [8] [9] [10] Interference with any of these pathways disrupts Bim induction and neuron death by NGF deprivation. Examination of the Trib3 promoter revealed, in addition to potential FoxO binding sites, sequences for potential binding of AP1/c-Jun and Myb. Neuron death after NGF withdrawal requires activation of JNKs that in turn activate c-Jun. 9 To assess whether this pathway is required for Trib3 induction, Trib3 mRNA levels were measured in PC12 cells deprived of NGF in the presence or absence of JNK inhibitors SP600125 (JNKi) and D-JNKi-1. 45, 46 Both inhibitors blocked Trib3 induction caused by NGF withdrawal (Figure 8g) . The 'apoptotic cell-cycle pathway' is also required for Bim induction and neuron death after NGF deprivation and includes activation of cyclin-dependent kinase Cdk4 and consequent elevation of Myb transcription factors. 12 Two different Cdk inhibitors, flavopiridol and roscovitine, fully blocked Trib3 induction triggered by NGF withdrawal (Figure 8g ). These findings support the idea that Trib3 induction by NGF deprivation, as for Bim, requires simultaneous activation of at least the FoxO, c-Jun and Myb transcriptional pathways.
Discussion
We explored Trib3's role in neuron death induced by NGF deprivation. We find that NGF withdrawal increases Trib3 mRNA and protein before the onset of death. Trib3 is sufficient to promote sympathetic neuron death and is required for We found that Trib3 knockdown not only provided prolonged protection from NGF deprivation but also protected axons and maintained overall neuronal morphology. Although protection by Trib3 knockdown was substantial, it was not total. This could reflect residual Trib3 expression or contributions of additional pro-apoptotic proteins. Other transcriptionally induced pro-apoptotic proteins participate in death after NGF deprivation, and of these, Bim has been the most studied. Bim silencing partially protects sympathetic neurons from NGF deprivation in vitro, and Bim deletion delays developmental neuron death of DRG neurons in vivo. 34 We confirmed partial protection by Bim knockdown in NGF-deprived sympathetic neurons, and this was less protective than Trib3 knockdown. Moreover, there was only modestly increased protection by silencing both Bim and Trib3, suggesting that they may act in the same pathway.
Studies in non-neuronal and PC12 cells indicate that Trib3 binds Akt and negatively regulates its phosphorylation and activity. 31, 32, 37 In agreement, we found that Trib3 overexpression reduced neuronal phospho-Akt levels and that silencing Trib3 partially reversed the decrease in phospho-Akt caused by NGF deprivation. Moreover, Trib3 overexpression produced dephosphorylation of the Akt substrate FoxO1a, and dephosphorylation of FoxO1a caused by NGF deprivation was suppressed by silencing Trib3. Previous work underscores the requirement of Akt signaling for neuron survival. [1] [2] [3] In corroboration, we found that Akt inhibitors caused sympathetic neuron death even in the presence of NGF. Together, these observations support the idea that Trib3 contributes to neuron death by reducing phospho-Akt to levels below that required for survival. Akt also regulates axonal growth and morphology, and this might contribute to the Five days after infection, cell lysates were subjected to SDS-PAGE and immunoblotted using antisera against phospho-FoxO1a, total FoxO1a, Trib3 and total ERK. Panels (a) and (c) show representative blots; panels (b) and (d) show mean values for protein levels ± S.E. for four independent experiments, in each case normalized to total ERK levels. Panel (d) represents mean values for protein levels normalized to total FoxO1a levels, as well. (e and f) Trib3 contributes to FoxO1a dephosphorylation after NGF deprivation. SCG neurons were infected with lentivirus expressing shTrib3 or control shRNA. Seventy-two hours post infection, NGF was removed for 16 h, and the neurons were lysed and lysates were subjected to SDS-PAGE and immunoblotted using the antisera described above. Panel (e) shows representative blots; panel (f) shows mean values for protein levels ± S.E. for 8 independent experiments, in each case normalized against total ERK. *Po0.05, **Po0.005; Student's paired t-test PI3K and Akt activation is a key pathway by which NGF promotes survival and NGF withdrawal reduces PI3K activity and Akt phosphorylation. [1] [2] [3] 5 Why then are Trib3 and its actions on Akt required for neuron death after NGF deprivation? One possibility is that PI3K can be activated by NGF-independent receptors on neurons. For instance, sympathetic neurons have receptors for IGF-I, GDNF family ligands and HGF, all of which stimulate PI3K. [48] [49] [50] Akt can also be phosphorylated by PI3K-independent pathways not necessarily regulated by NGF/Trk signaling. 51 Finally, when neurons Po0.05; f Po0.005, (Student's t-test) compared with À NGF control. (c) ChIP assay indicates that FoxO1a occupancy of rat Trib3 promoter regions increases after NGF deprivation. Neuronal PC12 cells were either maintained with NGF or subjected to NGF withdrawal for 16 h. After crosslinking, the chromatin was sheared and immunoprecipitated using antibody against total FoxO1a or rabbit immunoglobulin G (IgG) isotype control. After reversing the crosslink, the genomic DNA was purified and subjected to quantitative PCR using two different primer sets designed to amplify promoter regions of Trib3 identified as corresponding to the putative FoxO1a binding sites. FoxO1a/Trib3#1 and FoxO1a/Trib3#2 refer to primer sets designed to amplify a region near the FoxO1a DNA located approximately 700 and 2000 bp upstream of the rat Trib3 translation initiation site, respectively, and that include the putative FoxO1a binding sites. Primers, including a previously identified FoxO binding site in the Bim promoter, were used as a positive control (FoxO1a/Bim) and commercially made primers recognizing a region of a 'gene desert' on rat chromosome 3 were used as a negative control ('rat neg control') for quantitative PCR. QPCR signals were normalized as bound/ INPUT, and background signals obtained from rabbit IgG immunoprecipitated samples (25-50% of the values obtained with NGF and FoxO1a antibody) were subtracted. The data are normalized against NGF control samples for all primer sets and are presented as mean relative levels of FoxO1a-enriched chromatin in cells±S.E. of three independent experiments each conducted in triplicate. e) were subjected to quantitative PCR using Trib3 and Bim primers. Rat a-tubulin mRNA levels were used to normalize input cDNA. Values are means ± S.E. of three independent experiments each performed in triplicate. ¤Po0.005, (Student's t-test) compared with NGF/DMSO. (g) Inhibitors of JNK and cyclin-dependent kinases suppress Trib3 mRNA induction in response to NGF deprivation. Neuronal PC12 cells were treated with the Cdk inhibiting drugs roscovitine and flavopiridol and the JNK inhibitors SP600125 and DJnkI1 at 10 mM each (g) in the presence and absence of NGF for 16 h. cDNA derived from the cultures was subjected to quantitative PCR using Trib3 primers. Rat a-tubulin mRNA levels were used to normalize input cDNA. Values are means ± S.E. of four independent experiments performed in triplicate, **Po0.05 and ***Po0.05 of two independent experiments performed in triplicate (Student's t-test) compared with À NGF control Trib3 mediates death of NGF-deprived neurons N Zareen et al compete for limited NGF supplies, residual Trk signaling may persist even in neurons that will die. Thus, NGF deprivation alone may not sufficiently depress Akt activity to a degree permitting neuron death. In this context, Trib3 may function in an amplification system in which an initial partial loss of Akt signaling promotes Trib3 induction, which in turn ultimately suppresses Akt activity below levels required for survival. If initial decline in Akt activity after NGF deprivation inaugurates Trib3 induction, how does this occur? Our findings implicate FoxO proteins. When Akt activity falls, FoxOs become dephosphorylated and translocate to nuclei where they activate genes required for neuron death. 4, 5 We observed that Trib3 induction by NGF deprivation is abolished by FoxO silencing. Thus loss of Akt signaling upon NGF deprivation activates FoxO transcriptional activity and that, in turn, induces Trib3.
The FoxO-dependent induction of Trib3 that occurs when Akt activity falls and the inhibition of Akt activity caused, in turn, by Trib3 induction imply a feed-forward amplification loop. In this mechanism, initial reduction of PI3K-Akt signaling after NGF deprivation leads to FoxO activation and Trib3 induction. Induced Trib3, in turn, further depresses Akt activity, enhancing FoxO signaling and consequently further Trib3 induction. Supporting this model, chemical Akt inhibition was sufficient to induce Trib3, even with NGF present. Moreover, not only was Trib3 induction by NGF deprivation dependent on FoxOs, but under such circumstances, FoxO activation and nuclear translocation required Trib3. Once initiated, this loop would spiral out of control until death is induced.
Neuron death caused by NGF deprivation requires de novo transcription of death-promoting genes. 52 Significantly, such death requires multiple transcription factors. 6, 7, 10, 12, 35 Silencing of any of these or their upstream signaling pathways represses death. On this basis, it was proposed that transcriptional regulatory regions of neuronal apoptotic genes function as 'fail-safe' coincidence detectors, so that they are not induced unless all required transcription factors are simultaneously activated. 6 Our findings support this model for Trib3. In addition to FoxO knockdown, JNK/c-Jun activity inhibition substantially blocked Trib3 induction by NGF withdrawal as did in a previous study 16 the mixed lineage kinase inhibitor CEP11004, which blocks JNK activation. Another pathway required for death after NGF withdrawal includes activation of cyclin-dependent kinases and consequent induction of Myb transcription factors. 12 We observed that two Cdk inhibitors blocked Trib3 induction after NGF deprivation. Although further study is needed, these findings suggest that Trib3 is subject to a regulatory mechanism that requires coincident activation of multiple transcription factors.
We examined the role of Trib3 in vivo by comparing developmental apoptosis in WT versus Trib3 À / À mice SCG and did not find any differences (Supplementary Figures S1A  and B) . Okamoto et al. 53 also observed no alterations in Akt phosphorylation or glucose metabolism in Trib3
À / À mice. It may be that Trib3 has no role in developmental SCG neuron death in vivo. Alternatively, other protein(s) may compensate for Trib3. It was reported that another tribbles family member, Trib2, also binds Akt and suppresses its phosphorylation, 31 and we have observed that Trib1 and Trib2 mRNA levels significantly increase by 2-3-fold in Trib3
À / À brain and SCG ( Supplementary Figures S2A and B) . This suggests that Trib1 and Trib2 could promote developmental apoptosis in the absence of Trib3. In future, it will be of interest to assess developmental neuron death either after conditional knockdown of Trib3 or in mice null for all three trib genes.
Although the present work focused on NGF deprivation, our findings may have implications for other paradigms of neuron degeneration and death. In addition to NGF withdrawal, Trib3 is induced by a variety of cellular stresses relevant to neurons, including the unfolded protein response and ER stress, nutrient deprivation, anoxia and ethanol exposure. [20] [21] [22] [23] [24] [25] 27, 28, 30, 36 Given this and Trib3's suppression of Akt signaling, it can be anticipated that Trib3 is a participant in, and therefore a potential target for treatment of, a variety of neurological disorders and insults.
Materials and Methods
Cell culture. PC12 cells were grown as previously described 54 on collagen (Roche, Indianapolis, IN, USA) coated plates (Nunclone, Waltham, MA, USA) with RPMI 1640 medium (Cellgro, Manassas, VA, USA) supplemented with 10% heat inactivated horse serum and 5% fetal bovine serum. Neuronal differentiation was induced in RPMI medium supplemented with 1% horse serum and 100 ng/ml hNGF (kind gift of Genentech, Inc, Oceanside, CA, USA). Rat SCG neuron cultures were generated and maintained as previously described. 55 NGF withdrawal was carried out by washing the cultures with serum-free RPMI medium three to four times and then maintaining them in serum-free RPMI plus 10 mg/ml anti-NGF antibody (R&D System, Minneapolis, MN, USA: #MAB2561). HEK293T/17 cells (ATCC, Manassas, VA, USA) were cultured in polystyrene plates (Corning, Manassas, VA, USA) with DMEM supplemented with 10% fetal bovine serum.
Reagents. An antibody against Trib3 was a kind gift from Dr. Keyong Du. 0 phosphorylated, annealed and cloned into Hpa1-Xho1-digested pLL 3.7 vector. 56 Primers used for pan shFoxO were based on the sequence 5 0 -GGATAAGGGCGACAGCAA-3 0 . 42 Primers used for shBim were based on the following sequences: shBim#1 5 0 -GACAGAGAAGGTGGACAATTG-3 057 and shBim#2 5 0 -TTCGATTACCGAGAGGCGGAA-3 0 .
Lentiviral preparation. HEK293T/17 cells (ATCC) were co-transfected with pLL3.7 containing the desired shRNA construct and third-generation lentiviral packaging plasmids, RRE, Rsv/Rev and VSV-G (AddGene), using the Ca-phosphate method. 58 For overexpression, cells were co-transfected with pWPI plasmid containing the Trib3 cDNA and second-generation lentiviral packaging plasmids, pSPAX2 and VSV-G (AddGene). Four hours later, medium containing Ca-phosphate was replaced by fresh DMEM supplemented with 10% FBS. Lentiviral medium was collected 72 h later and replaced with fresh DMEM supplemented with 10% FBS. A second lentiviral medium was collected 24 h later. All lentiviral supernatants were pooled, filtered through a 0.45-micron membrane (Nalgene, Rochester, NY, USA) and subjected to ultracentrifugation in clear tubes (Beckman Scientific, Danvers, MA, USA) at 25 000 r.p.m. using Beckman SW28 rotor in a Beckman Coulter ultracentrifuge for 1.5 h. Supernatants were discarded and viral pellets were incubated in PBS without MgCl 2 or CaCl 2 overnight. The dissolved pellets were stored at À 80 1C. Viral titer was determined.
Lentiviral infection.
A predetermined volume (approximate viral MOI between 10 and 15 as determined by viral titration) of lentivirus was added to the medium, which was then added to cultures of neuronal PC12 cells and SCG neurons. The medium was replaced with that without virus 72 h later.
Transfections. DNA was prepared with a Plasmid Maxi kit (Qiagen, Valencia, CA, USA or Sigma-Aldrich). PC12 cells were transfected with 1-2 mg of plasmid in 48-well dishes using LipofectAMINE 2000 (Invitrogen). Four hours later, medium with LipofectAMINE 2000 was supplemented with fresh RPMI medium supplemented with 1% horse serum and 100 ng/ml NGF. Transfected GFP or mCherry-positive cells were visualized under a Nikon (Melville, NY, USA) TE300 epi-fluorescent microscope.
Survival assays. Cell survival was determined as previously described. 54 For Trib3 overexpression, replicate wells of control and experimentally treated cells were depleted of culture medium and harvested in a specified volume of detergent-containing solution that lyses the plasma membrane and leaves the nuclei intact. Counts of intact, non-apoptotic nuclei were determined in a hemocytometer. In order to determine cell survival after Trib3 and Bim knockdown, transfected neuronal PC12 cells or lentivirally infected SCG neurons coexpressing GFP along with either control or experimental shRNA were counted under an epi-fluorescent microscope at indicated times.
Western immunoblotting. Neuronal PC12 cells and SCG neurons were lysed with Laemmli Sample Buffer supplemented with 2-mercaptoethanol (Bio-Rad, Hercules, CA, USA), sonicated and subjected to electrophoresis using pre-cast Bis-Tris 10% or 4-12% SDS gels (Invitrogen). Protein was then ChIP. Neuronal PC12 cells were cultured in 10-cm plates and were either maintained with NGF or subjected to 16 h of NGF deprivation. ChIP assays were carried out as previously described. 59 Protease inhibitors (Roche #11873580001) were used in all buffers except the elution buffer. In all, 1% of each sample was set aside as INPUT material before immunoprecipitation. The INPUTs were used to quantify the amount of DNA present in each sample. A total of 20 ml of protein A magnetic beads (Millipore #16-661) were used to pre-clear all samples for 1 h at 4 1C with agitation. Overnight immunoprecipitations were carried out at 4 1C with agitation using 30 ml of fresh protein A beads and 10 mg of either FoxO1a antibody (AbCam #ab39670) or rabbit IgG isotype control (Cell Signaling #2729). All samples were subjected to reverse crosslinking in elution buffer for 2 h at 62 1C and purified using QIAquick PCR Purification kit (Qiagen #28104). Amplifications were carried out using quantitative PCR as described below, and data were normalized as bound/INPUT followed by IgG background signal subtraction and finally presented as normalized to NGF control for each set of primers. Primer sequences are given below.
Reverse transcription and quantitative PCR. Cells were lysed and total mRNA was isolated using TRI reagent (Molecular Research Center, Cincinnati, OH, USA) following the manufacturer's instruction. Whole brains and superior sympathetic ganglia from Trib3 WT and knockout mice were harvested and homogenized in TRI reagent, and mRNA was isolated. cDNA was reversetranscribed from total RNA with a cDNA synthesis kit (Marligen, OriGene, Rockville, MD, USA) following the manufacturer's instruction. The primers used for PCR amplification of rat/mouse Trib1 were 0 -CAGGCTGCGACAGGTAGTG-3 0 . 60 The rat negative control primer set for ChIP was obtained from Active Motif (Carlsbad, CA, USA; #71024).
Harvest and immunohistochemistry of mouse superior cervical ganglia. WT and Trib3
À / À mice pups at ages P3 and P7 were collected and killed. A disk-shaped section of the neck area containing the superior cervical ganglia was embedded in paraffin and prepared as 5-mm-thick sections. Twentyfive such sections were obtained for each neck pieces, which contained both the right and left ganglia. Four sections were mounted on a single glass slide, and every fifth section was stained with hematoxylin and eosin by the histology service providers. The remaining sections were immunostained with antibody against the apoptotic marker pH2AX protein (Cell Signaling #9718). The following kits were used in the process: blocking reagent and biotinylated secondary-antibody from the Vectastatin Elite ABC Kit (#PK6101), peroxidase substrate from ImmPACT SG (Vector Laboratories, Burlingame, CA, USA; #SK4705), and counterstaining with Nuclear Fast Red from Vector Laboratories (#H3403).
Statistics. The statistical significance of differences between means was evaluated by Student's t-test and was performed as paired, two-tailed distribution of arrays and presented as P values.
